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Abstract 
This paper aims at a deeper understanding of frequency effects in the fatigue response. Commercially pure 
polycrystalline copper was investigated. Fatigue tests were conducted at 20 kHz using an ultrasonic technique and at 
100 Hz using an electromagnetic fatigue device. The specimens were designed to get the same stress amplitude 
gradient along the specimen axis during both types of tests. Quasi-isothermal conditions were considered. The 
amount of slip markings at the specimen surface was estimated by the surface area covered by slip markings. The 
number of cycles to failure was found much higher at 20 kHz than at 100 Hz while the amount of slip markings (for 
the same stress amplitude and number of cycles) was much lower. The slip markings amount increases with the 
number of cycles at the specimen surface. This increase is much lower at high than low frequencies. The reasons for 
these differences are discussed. 
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1. Introduction 
Nowadays there is an increasing industrial need for the development of fast and solid fatigue life prediction methods 
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in the very high cycle fatigue domain. In this way, ultrasonic fatigue technique which allows to conduct tests up to a 
very high number of cycles is very interesting for manufacturers. However, the frequency domain of these fatigue 
tests facilities, typically 20 kHz, raises the issue of the frequency effects for estimating fatigue life of structures 
loaded at frequencies 103 to 104 times lower. For single phase ductile materials such as pure copper, crack initiate at 
the specimen surface whatever the loading frequency and stress amplitude range [1].  It is related to the presence of 
extrusion at the surface produced by irreversible crystallographic slip during the cyclic loading. The aim of this 
work is to evaluate the effect of the loading frequency on the S-N curve and precursors of fatigue damage, namely 
the amount of irreversible crystallographic slip at the specimen surface. 
2. Material and experimental procedures 
The material of the study is an Oxygen-Free High Thermal Conductivity (OFHC) polycrystalline copper (99.99 
% purity, CFC structure). The mean grain size is 30 µm. Fatigue tests were performed in fully reversed tension-
compression process (the load ratio R equals −1). Tests at low frequencies, i.e. below 100 Hz, have been carried-out 
on mechanical and electromagnetic devices. Tests at 20 kHz were performed on an ultrasonic device. At low 
frequencies the self-heating of the specimen is negligible (less than 1°C) but at 20 kHz the self-heating is much 
more important (25 °C). To prevent any temperature impact on mechanical properties, specimens were cooled by 
pulsed air during tests at 20 kHz. Moreover to prevent from any effect of the stress gradient, the specimens used for 
all the frequencies were designed so that the stress distribution in the neighborhood of their center is equivalent. 
Figure 1a) shows the stress amplitude gradient profile along the specimen axis for specimens designed for the 20 
kHz ultrasonic fatigue machine and 100 Hz electromagnetic fatigue machine. Figure 1b) exhibits the specimen 
geometry for the 20 kHz ultrasonic machine to illustrate the hourglass shape of the specimens. Cylindrical and flat 
specimens were used. Flat specimens were dedicated to observe the surface change with cycles. The specimens are 
polished mechanically and electrochemically before tests.  
 
a) 
           b) 
 
Fig. 1. a) Stress amplitude gradient profile along the specimen axis for specimens designed for the 20 kHz ultrasonic fatigue machine (dash dots) 
and 100 Hz electromagnetic fatigue machine (line) - b) hourglass specimen geometry for the 20 kHz ultrasonic machine. 
 
 
The amount of slip markings at the specimen surface was estimated by the surface area covered by slip 
markings. The fatigue tests were regularly interrupted. At each interruption, images of the centre of the specimen 
were taken using an optical microscope (dimensions of the region of interest: 6x2 mm) (Fig. 2). The surface area 
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covered by slip markings was estimated by image processing. The surface fraction covered by slip markings is 
considered as an indicator of the amount of irreversible crystallography slip. These fatigue tests were carried out at 
100 Hz and 20 kHz, in the same range of stress amplitudes, i.e. from 65 to 85 MPa and were interrupted at 2.7 105, 
106, 5 106 and 107 cycles. 
 
 
 
Fig. 2. a) Large view of the specimen surface centre covered by slip markings in black. The largest rectangle was binarized in white and 
black to process image analysis. The smallest rectangle delimited the zone in which the number of back pixels was calculated in order to get the 
surface fraction of slip markings as an indicator of the amount of irreversible crystallography slip. 
 
 
3. Results 
3.1 Stress-Number of cycles curves 
Fatigue test results at 10, 20, 100 and 20000 Hz are presented in Figure 3. Considering the natural dispersion of 
fatigue processes, similar results are obtained at 10, 20 and 100 Hz and these results can be unified using a single 
Master S-N curve. To simplify, 10, 20 and 100 Hz are called low frequencies and 20 kHz is called high frequency in 
the following. These curves reveal a frequency impact on the behavior of polycrystalline copper under fatigue 
loading: for a given number of cycles, the fatigue strength is higher at high than at low frequency, and, for a given 
stress amplitude the fatigue life is higher at high than at low frequency. This effect is more pronounced when the 
stress amplitude is low. 
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Fig. 3. Stress-Number of cycles to failure curve for pure polycrystalline copper from 20 kHz ultrasonic fatigue tests (open dots) and 100 Hz 
electromagnetic machine (black dots). 
3.2 Slip markings evolution with cycles 
 
Figure 3 exhibits the fraction of the specimen surface covered by the slip markings as a function of number of 
cycles measured for 20 kHz and 100 Hz fatigue tests. For stress amplitude of 65 MPa, the slip markings for both 
frequencies are mainly located at the twin boundaries as previously shown by [2] for 20 kHz cyclic loading. Their 
amount is very small (less than 2% of the surface area at 107 cycles) for both range of frequency (not shown in 
Figure 3). For increasing stress amplitudes, more and more slip markings crossing the grains are observed for both 
frequencies. For stress amplitude of 75 MPa and a number of cycles of 107, the slip markings amount is 6% at 100 
Hz and 4.5% at 20 kHz (see Figure 4a). For stress4amplitudes of 85 MPa and a number of cycles of 106, the slip 
markings amount is 12.5% at 100 Hz and 4% at 20 kHz (see Figure ‘b). Thus the slip markings amount is higher at 
100 Hz than at 20 kHz. Moreover the effect of frequency increases when the stress amplitude increases. 
  
Fig. 4.Surface fraction covered by slip markings for stress amplitudes of a) 75 MPa b) 85 MPa. 
 
4. Discussion and conclusions 
The observations of the specimen surface after interrupted tests revealed that the morphology and location of 
the slip markings are similar for 100 Hz and 20 kHz fatigue tests. Phung et al.  [3] showed that there was very good 
agreement between the location of the slip markings and the value of the maximal resolved shear stress calculated 
a) b) 
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by taking into account the cubic elastic properties of the copper grains. The location of the slip markings is thus 
controlled by the Schmid criterion and does not depend on frequency. However, the slip markings amount was 
found higher at 100 Hz than 20 kHz for the same stress amplitude and number of cycles. The difference in amount 
between the two frequencies is all the larger than the stress amplitude increases. Slip markings formation requires 
crystallographic slip. But this slip must be partially irreversible to gradually create markings and extrusion on the 
specimen surface during cycles.  
 
Two main reasons are responsible for the irreversibility. Firstly, the irreversibility of slip is facilitated by cross 
slip which is a thermal activated mechanism; its probability of activation is higher when the temperature increases or 
when the time let for its activation increases. It has been demonstrated that cross slip plays a key role in the 
localization of the plastic deformation in persistent slip bands inducing irreversible slip [4] [5] [6]. This localization 
could be facilitated at low frequency because of the higher time for the activation of cross slip. This explains why 
the slip markings amount is more important at low frequencies. Secondly, diffusion mechanisms are affected by the 
time; diffusion phenomena can be more active during a fatigue test at low frequency for a given number of cycles. 
In particular, the role of vacancies diffusion to produce extrusions at persistent slip bands was highlighted by [7]. 
Their model shows that the rate of height extrusion per cycle could increase with decreasing loading frequencies due 
to the increase of fatigue test time. As a result, both mechanisms cross slip and vacancies diffusion, are greater at 
low frequencies and can be responsible for the higher amount and higher rate per cycle of slip markings. The results 
also suggest that the stronger development of slip markings is responsible for the lower lifespan at low frequencies. 
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